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A B S T R A C T
Mechanical properties of biomaterials play an important role in their biological performance. Among the most
important parameters in designing of biomaterials, their structure and conformation strongly affect their me-
chanical properties as well as cell adhesion, proliferation, and differentiation. Silk fibroin (SF), extracted from
Bombyx mori cocoons, has attracted a lot of scientific interest in the past years as a natural biomaterial due to its
exceptional host tissues response, appropriate mechanical properties, tunable degradation, simple processing
method and low cost. The formation of β-sheets in the structure of SF enhances its mechanical properties. In
recent years, several studies have focused on tuning the mechanical properties of SF for biomedical applications
by inducing the formation of β-sheets. Some treatment methods have been introduced to alter SF structure and
improve its mechanical properties. Chemical, physical and enzymatic crosslinking, water and alcoholic treat-
ments and irradiations have been recommended as methods to inducing β-sheets conformation in SF structure.
Several studies have developed these methods by adding suitable components and changing the concentration,
temperature, humidity, pH, and various other parameters. In this review, we focus on the treatment methods,
which result in the conformational transition of SF and tuning its mechanical properties.
1. Introduction
The critical roles of cell-matrix interactions in cell biological pro-
cesses, such as adhesion, growth, differentiation and apoptosis has been
the focus of several investigations [1,2]. Mechanical properties of bio-
materials and tissue extracellular matrix (ECM) are among the most
important factors in tissue engineering. Namely, the elastic modulus, or
stiffness of biomaterials and tissue ECM vary in a broad range between
3 kPa and several GPa [3,4]. Further, the stiffness is known to sig-
nificantly impact the differentiation of stem cells and maintenance of
cell functionality in soft tissue engineering [5]. Researches confirmed
that ECM’s mechanical properties can actively influence the differ-
entiation of stem cells into various cell types, such as neurons, myo-
blasts and osteoblasts [6]. Therefore, many biomaterials, in particular
hydrogels, can be developed with the capacity to adjust their stiffness
[6–8]. Considering the wide range of stiffness in diverse tissues, various
protocols, such as blending and crosslinking different polymers and
components, were developed to modulate the stiffness of various tissues
[9,10].
In recent years, due to high water content, non-toxicity, excellent
biological performance, and intrinsic biocompatibility, hydrogels have
been widely used in various biomedical applications including drug
delivery, contact lenses, cell encapsulation materials, wound dressings,
and tissue engineering scaffolds [11–16]. Based on the source, hydro-
gels are classified into synthetic and natural [17]. Synthetic hydrogels
are hydrophobic with strong chemical bonds, resulting in slow de-
gradation rate and high mechanical strength, while cells cannot often
attach to them [17–19]. Yet, natural hydrogels have been utilized in
various biomedical applications because of their inherent biodegrad-
ability, critical biological performances, natural extracellular matrix
components and biocompatibility. However, their potential im-
munogenic reactions and poor mechanical properties have restricted
natural hydrogels applications [16,18,20–22]. Indeed, the main draw-
back of hydrogels is the inherent weakness, which mainly limits their
applications to soft and hard tissues. Therefore, several studies have
been performed to modify hydrogels to obtain excellent mechanical
properties [23–25]. Various methods have been applied to improve the
mechanical properties of polymer-based hydrogels, such as those con-
taining agarose, gelatin, hyaluronic acid, pluronic and silk fibroin
[26–28]. Chemical crosslinking was used as a well-known strategy to
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increase the mechanical properties of hydrogels, although the cyto-
compatibility of chemical crosslinking agents remains a challenging
issue [29]. In addition to chemical crosslinking, physical treatments
[30] and blending with other natural or synthetic polymers [26,31]
have been employed to improve the mechanical properties of hydro-
gels, contributing to their improved safety.
Silk fibroin (SF) is a natural polymer with various appealing prop-
erties, such as appropriate host response, minimal inflammatory reac-
tions and tunable biodegradability, which is applied as a cell-support
matrix for stem cells, fibroblasts, nerve cells, and osteoblasts, and as a
scaffold for different tissues, including bone, cartilage, skin, nerve and
blood vessel, due to its similarity to the ECM [32–38]. The native ECM
is composed of a nanofibrous structure made of proteins and poly-
saccharides. Therefore, using proteins and polysaccharides as bioma-
terials can mimic the ECM structure as well as improve cell attachment,
proliferation and differentiation for tissue regeneration [39,40]. Ac-
cordingly, fibrous SF extracted from Bombyx mori cocoons is composed
of heavy and light chains linked by a disulfide bond. The primary high
molar-mass structure of SF consists of the amino acid sequence as Gly-
Ser-Gly-Ala-Gly-Ala, which can crystallize as the stable anti-parallel β-
sheets and improve the rigidity and the tensile strength of SF. On the
other hand, 70% of the β-sheet crystalline structure of SF is composed
of the protein structure surrounded by hydrophilic and non-repetitive
amorphous regions [41,42]. SF can be prepared via a water-based so-
lution at room temperature with a neutral pH and formed as α-helix and
random coils, exhibiting relatively poor mechanical properties [43]. To
improve the strength of SF, various treatment methods have been
evaluated in recent years. Specifically, the formation of β-sheet struc-
ture has been introduced by enzymatic, chemical and physical cross-
linking of SF hydrogels [44,45], because the process of hydrogelation
results from the structural transitions from random coil to β-sheet
[46–50]. Enzymatic crosslinkers, such as genipin, chemical crosslinkers,
including, for instance glutaraldehyde and carbodiimide hydrochloride,
and physical crosslinking methods, such as heating, vortex shearing,
ultra-sonication or electric current, accelerate the hydrogelation of SF
by providing the sufficient energy to overcome the energy barrier of β-
sheet formation. Further, studies reported several processes developed
to modify the stiffness of SF and improve its biological properties
[45,49,51–56]. Indeed, additional biomaterials and β-sheet domains
within SF matrix can improve its mechanical properties [57]. Briefly,
the advantages and disadvantages of enzymatic, chemical and physical
crosslinking method have been mentioned in Table 1.
The evaluation of treatment methods for transforming the structure
of SF has opened new avenues for engineering silk materials for bio-
medical applications and improved mechanical properties for im-
planting these biomaterials into the damaged tissue. In recent decades,
various treatment methods, such as chemical, physical and enzymatic
crosslinking, irradiations and alcoholic treatment have been in-
vestigated to alter the random coil structure of SF into β-sheet con-
formation, resulting in an increase of mechanical properties for clinical
applications. The purpose of this review is to summarize the recent
advancements in modifying treatment methods, affecting the SF struc-
ture and mechanical properties.
2. Silk fibroin
Silk fibroin (SF) is a protein, derived from Bombyx mori cocoons
and has been widely evaluated due to its outstanding biological re-
sponse, tunable biodegradability and appropriate mechanical proper-
ties [59–61]. SF is an FDA-approved polymer for biomedical applica-
tions such as sutures, tissue regeneration, and drug delivery systems
[62,63] The main conformations of SF are silk I and silk II, as well as the
unstable silk III, which exists in SF solution at the air/water interface.
Silk I is a metastable structure with a zigzag amorphous conformation,
belonging to an orthorhombic system. Due to the presence of a domi-
nant number of random coils and α-helix, silk I has the lowest crys-
tallinity, resulting in its instability and water-solubility [42,64]. Silk II
(β-sheets / β-turns) as an anti-parallel β-sheet conformation belongs to
a monoclinic system and has the highest crystallinity, leading to its
stability, water-insolubility, and thermal and mechanical resistance
[42,63,65]. β-turns is an intermediate structure of SF which could be
formed by tightening or close packing of loose structures [66]. Al-
though, SF samples soaked in methanol show no such intermediate
structure, because in the presence of methanol, dehydration of poly-
peptide chains induces β-sheet crystalline structure [66,67]. Silk III is a
unique crystalline polymorph structure with a threefold helical crystal.
Namely, it has a metastable structure with the crystallinity between Silk
I and Silk II [63]. SF molecules possess the hydrophilic (Tyr, Ser) and
hydrophobic (Gly, Ala) chain segments arranged alternately [42]. Hy-
drogen bonds between adjacent segments result in the rigidity and
tensile strength of SF. Also, the structure of silk I can be easily con-
verted to silk II via treatments and external stimuli, such as soaking in
methanol and UV irradiation. [42,59,68,69]. In silk III, the free hy-
droxyl groups of Ser residues lead to line it up in the water, while Ala
residues protrude to the air phase, making Ser hydrophilic and Ala
hydrophobic columns parallel to the helical axis of SF [63]. Fig. 1 ex-
hibits a schematic representation of the SF molecular chain showing the
hydrogen bonding and structures [59]. The conformational transitions
and crystallinity content of SF extremely affect its physio-chemical and
mechanical properties, impacting on its biological properties and ap-
plications [59,65]. The secondary structure of SF (silk II) plays an im-
portant role on its physico-chemical properties and provide its me-
chanical stabilities, while silk I has more appropriate host responses
than silk II [65,70].
3. Enzyme-catalyzed crosslinking of SF
Prior researches illustrated that by changing the molecular weight
and the solvent composition, the stiffness of SF can be controlled in the
range of 200–10,000 Pa [71,72]. Hence, Taddei et al. [54] crosslinked
silk fibroin/gelatin (SF/G) films by microbial transglutaminase (mTG)
and mushroom tyrosinase (MT). The mechanical properties in the
Table 1
Advantages and dis advantages of the physical, enzymatic and chemical crosslinking methods [58].
Crosslinking method Advantages Disadvantages
Physical Safe Bonds are weaker than with chemical crosslinkers
less toxic for cells than chemical agents may alter the properties of the materials
inexpensive needs more time for crosslinking
minimum tissue reaction after crosslinking process lack of control over the reaction kinetics of crosslinking
Enzymatic Unlike many chemical crosslinkers, enzymes are most active under mild aqueous reaction
conditions
The most expensive crosslinker
crosslinking process can often be controlled by modifying temperatures, pH, or ionic strength substrate specificity
Chemical Forming very strong bonds Cell toxicity remains to be tested
needs washing to remove the residual crosslinker
more expensive than physical crosslinker
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tensile assay displayed elongation at break, elastic modulus and ulti-
mate tensile strength of pure SF measured as 1.3%, 3.1 GPa and
22.8 MPa in average respectively, while for uncrosslinked SF/G films
these properties were determined as 3.2%, 4.6 GPa and 89.4 MPa, in
average respectively. However, the mechanical performance of en-
zymatically crosslinked SF and SF/G films with mTG and MT decreased
compared to uncrosslinked samples. For instance, the elongation at
break, elastic modulus and ultimate tensile strength of the enzyme
crosslinked SF/G films were measured in the range of 2.7–3.2%,
3.5–4.9 GPa and 68.8–96.5 MPa, respectively. Furthermore, in several
studies, horseradish peroxidase (HRP) and hydrogen peroxide (H2O2)
were used as an enzyme catalyzed crosslinker of SF to form hydrogels,
providing high elasticity and tunable stiffness [73–75]. Partlow et al.
[73] revealed a new method for covalently crosslinking tyrosine re-
sidues in silk fibroin via HRP and H2O2. These polymers exhibit high
elasticity, shear strains around 100%, compressive strains greater than
70% and stiffness between 200 and 10,000 Pa, which are appropriate
for soft tissues. Indeed, HRP crosslinking of SF in the presence of H2O2
leads to the formation of a stable, highly elastic, and transparent gel,
since HRP facilitates crosslinking of the tyrosines in SF via the forma-
tion of free radicals in the presence of H2O2 [76]. The main products of
the general reaction are two water molecules and two phenolic radicals.
Then, tyrosine radicals form during the HRP catalyzed reaction and
react with each other to form covalent bonds [77]. Notably, dityrosine
bonds have been found in Tussah silk fibroin, however were not shown
in the Bombyx mori fibroin [78], investigated by Partlow et al. [73].
Therefore, this research revealed that the covalent dityrosine bonds of
SF hydrogels prepared a strong hydrogel network with high stiffness
and excellent elasticity. Fig. 2 exhibits a proposed reaction pathway for
HRP/H2O2 crosslinking of SF [75]. Furthermore, the control over HRP
and H2O2 may result in further fine tuning of SF hydrogels [73].
Yan et al. [79] synthesized a core–shell structure of SF by soaking
the enzymatically crosslinked SF hydrogels via peroxidase-mediated
into methanol. By increasing the soaking time from 1 to 10 min, the
shell thickness increased from around 200 μm to around 850 μm, re-
sulted in improving the compressive modulus of SF core–shell hydro-
gels from around 22 kPa to around 1.12 MPa. Indeed, due to the
soaking of core–shell hydrogels in methanol as a fast conformational
transition inducer, the conformation of the shell and core layers was
different and became dominant β-sheet and random coil, respectively
[79–81].
Next, Ribeiro et al. [82] developed stimuli-responsive HRP cross-
linked SF hydrogels reacted at physiological conditions. The rheological
properties of SF hydrogels and SF/HRP/H2O2 mixture before and after
gelation revealed that the storage modulus (G′) was higher than the loss
modulus (G″); namely the prepared hydrogels showed to be viscoe-
lastic, both in their amorphous and β-sheet conformations. The high
concentrated SF solution (16 wt%) and enzyme (HRP) content lead to
short gelation time, high water content and swelling ability, both in the
amorphous and β-sheet states, protecting the hydrogel integrity and
improving its ability to more closely simulate the physiological en-
vironment [79]. Indeed, the increase of contents of HRP and H2O2
enhances the amount of oxidized tyrosine groups and crosslinking de-
gree, leading to improved mechanical properties of prepared hydrogels
[83]. In addition, the investigation of rheological parameters exhibited
that 3 days after hydrogelation in the presence of HRP/H2O2, showed
random coil as the main structure of SF. From 3 days to 7 days after
hydrogelation, β-sheet structural transitions occurred in SF, and after
10 days, β-sheet was the main conformation of SF hydrogels [82].
Wang et al. [84] developed bioactive SF hydrogels with tunable
mechanical properties by crosslinking SF nanofibers via HRP according
to the process reported by Partlow et al. [73]. Here, SF hydrogels were
prepared by introducing inert silk fibroin nanofibers (SNF) through the
enzyme crosslinked system of regenerated silk fibroin (RSF). Results
revealed that the stiffness of prepared SNF-RSF hydrogels was con-
siderably improved by changing the amount of SF nanofibers. SNF-RSF
hydrogels illustrated various moduli in the range of 9.2–55 kPa, while
the modulus of pure RSF hydrogels at the same concentration was
around 1 KPa [84].
Recently, Ribeiro et al. [45] introduced bio-functional hierarchical
scaffolds developed as an HRP-crosslinked SF (HRP-SF) and fully in-
tegrated into a ZnSr-doped β-tricalcium phosphate (HRP-SF/dTCP)
layer for osteochondral tissue engineering. The results revealed that the
ion-doped bi-layered scaffolds presented a wet compressive modulus of
226.56 ± 60.34 kPa and their dynamic mechanical properties were in
the range from 403.56 ± 111.62 to 593.56 ± 206.90 kPa, while the
wet compressive modulus and dynamic mechanical properties of the
control bi-layered scaffolds were 189.18 ± 90.80 kPa and ranging
from 262.72 ± 59.92 to 347.68 ± 93.37 kPa, respectively. Therefore,
the results partly mimic the mechanical properties, existing at the
cartilaginous side of the osteochondral tissue [85]. In another study,
Chirila et al. [86] determined the gelation time of HRP/H2O2/SF using a
rheological method, by measuring the dynamic moduli in oscillatory
shear stress tests. The previous study confirmed that HRP-crosslinking
of SF in aqueous condition results in the formation of chemical gels
[75]. Here, the results demonstrated that for a specified amount of HRP
and H2O2 in the reaction mixture, the gelation time was considerably
reduced by increasing the concentration of SF [86].
4. Chemical and physical crosslinking of SF
Chemical crosslinking can enhance biopolymers functionality.
Nowadays, low toxicity crosslinking agents, such as phenolic com-
pounds and genipin have been used as food packaging materials [87].
For chemical crosslinking of SF, genipin and glutaraldehyde are
commonly used as the crosslinking agents [88]. Silva et al. [71]
Fig. 1. Schematic representation of SF molecular chain showing the hydrogen bonding and SF structures (random coil, helix and β-sheet, respectively). Reused with
permission [59]. Copyright 2019, PNAS.
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reported that genipin crosslinking promotes the formation of β-sheets in
chitosan/silk fibroin/genipin sponges. Indeed, genipin crosslinking can
increase the amount of sheets and leads to an increase in the amounts of
crystalline domains. As a result, genipin crosslinking improves the
stiffness and moduli of the matrix containing SF. Wang et al. [89]
crosslinked SF films with glutaraldehyde to induce the conformational
transition of SF from random coil to β-sheet and affect the interaction
between the peptide chains of SF. The results showed that before
crosslinking with glutaraldehyde, the tensile strength and elongation at
break of the pure SF film were measured as 15.6 Mpa and 4.53%, in
average respectively. However, by increasing the amount of glutar-
aldehyde, the tensile strength and elongation at break of the SF films
were initially increased and then decreased, as the maximum values
were exhibited in crosslinked SF films with about 7.5% glutaraldehyde
and were 1.4 and 2.2 times of the pure SF ones, respectively. Indeed,
the strength and flexibility of crosslinked SF films increase by in-
creasing β-sheets content [89], while previous researchers illustrated
that in contrast to the tensile strength, the flexibility of the crosslinked
structures typically decreases by increasing the amount of β-sheets
[90]. The results here, however, show that in the presence of glutar-
aldehyde, a reaction occurs in the amorphous regions of SF, containing
amino acids, such as Lys, Arg, His, Asn and Gln [91], while the amount
of amino acids is less than the added glutaraldehyde content. Therefore,
several glutaraldehyde molecules remain unreacted or partially reacted
in amorphous regions of SF, behaving as plasticizer to compensate for
the negative effect of the increase in β-sheet structure on the flexibility
of the prepared films [89]. Fig. 3 shows a schematic illustration of the
effect of the plasticizers in polymer chains [87].
To improve the efficacy of glutaraldehyde crosslinked SF,
Mohammadzadehmoghadam et al. [55] prepared SF/gelatin nanofiber
mats with different blend ratios and crosslinked with glutaraldehyde
vapor at room temperature, inducing the conformational transition of
SF from random coils to β-sheets. SF/gelatin mats alone are limited due
to their poor mechanical properties and unstable structures under
physiological conditions [54,92]; crosslinking was applied using glu-
taraldehyde as the most common crosslinker with high efficiency in
stabilizing collagenous materials [93]. Here, the results illustrated that
the crosslinking degree was enhanced by increasing the gelatin content,
altering from 34% for pure SF nanofiber mat to 43% for SF/gelatin one
at the blend ratio of 70/30. The crosslinking degree directly affected
mechanical properties of the nanofiber mats. By increasing the amount
of gelatin from 10 to 30 wt% into SF, the tensile strength of SF/gelatin
nanofiber mats was improved from 10 to 27% and Young’s modulus
increased from 12 to 27%, respectively [55]. Since by increasing the
crosslinking degree with gelatin content the crosslinking density of
prepared mats increases and molecular chains of proteins graft, the
structural integration of SF/gelatin nanofibers results in increasing their
mechanical properties [94–96]. However, the elongation at break of the
prepared mats decreased from 20% for pure SF to 16% for SF/gelatin
nanofiber mats blended in the ratio of 70/30 [55], due to increasing of
the crosslinking density with gelatin content, which results in the fiber
fusion and reduction of the porosity [97,98].
Fig. 2. The proposed reaction pathway for HRP/H2O2 crosslinking of SF. Reused with permission [75]. Copyright 2017, Wiley.
Fig. 3. The schematic illustration of the effect of the plasticizers in polymer
chains. Reused with permission [87]. Copyright 2014, Elsevier.
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The most important disadvantage of chemical crosslinkers is their
potential cytotoxicity. Thus, to reduce the cytotoxicity of glutar-
aldehyde, for example, the treatment with citric acid and amino acid
solutions prior to the usage and a decrease of glutaraldehyde con-
centration are recommended as convenient solutions [99–101].
To mimic the natural ECM, Yan et al. [56] prepared a rapid hydrogel
by blending SF and hyaluronic acid (HA), crosslinked with carbodii-
mide hydrochloride (EDC) as a crosslinking agent and N-hydro-
xysuccinimide (NHS), 2-morpholinoethanesulfonic acid (MES) as as-
sistant agents. HA as a component of the extracellular matrix allows
small molecules to penetrate into hydrogels and exhibits good biolo-
gical interactions for soft tissue regeneration applications, which is
simply crosslinked via chemical agents and enzymes [102,103]. Fig. 4
shows the process of the formation of SF/HA hydrogels [56]. Here, by
increasing the amount of HA, the water absorption, porosity and frac-
ture strength of SF/HA hydrogels increased. The highest compressive
strength was rendered for SF/HA hydrogel with a ratio of 6:4, measured
around 207.3 kPa, while the maximum elongation at break was de-
termined about 67.4% at a ratio of 4:6. Indeed, by increasing the
amount of HA, the number of β-sheets gradually decreased and the
most volume of SF/HA hydrogels contained amorphous structures.
Hence, the crystallinity of the hydrogels is reduced with HA content
[56].
Recently, Tavsanli et al. [104] synthesized a hydrogel from metha-
crylated hyaluronic acid (MeHA), SF and N, N-dimethyl-acrylamide
(DMAA) monomer as a non-toxic spacer in aqueous solutions in the
presence of an ammonium persulfate/N,N,N′,N′-tetra-
methylethylenediamine (APS/TEMED) redox initiator system. Here,
poly(DMAA) chains were produced in situ and interconnected by MeHA
which was crosslinked. The incorporation of SF resulted in the addi-
tional physical crosslinking due to its β-sheet domains, significantly
enhancing the mechanical properties of prepared SF/HA hydrogels.
Fig. 5 illustrates the schematic representation of silk-hyaluronic acid
hydrogel formation using DMAA as a spacer [104].
Additionally, the change of physical or chemical conditions, such as
concentration, temperature, and pH, control the gelation rate of SF
solution [47,105]. Also, addition of salts, metal ions, and surfactants
accelerates the conformational transition of SF aqueous solution and
shortens the gelation rate [105–108].
Accordingly, Luo et al. [57] prepared a hydrogel composed of SF
and hydroxypropyl methyl cellulose (HPMC) using simple mixing and
heating. This provided compressive and tensile moduli over 1.0 MPa. Its
fracture energy was up to 3.5 kJ * m−2, which is higher than natural
elastomers, such as cartilage and skin.
HPMC is a cellulose ether derivative with low critical solution
temperature at around 62 °C and provides an hydrophobic effect due to
the presence of methoxy and hydroxypropyl groups [109,110]. The
structural transition of SF from random coil to β-sheet is induced by
hydrophobic interaction between HPMC molecules and SF ones using
heating. Indeed, small and uniform β-sheet structures form crosslinking
sites entirely distributed in the hydrogel. Due to lack of biocompatible
chemical agents, an SF-containing composite with appropriate me-
chanical properties can be safely used in tissue engineering and bio-
medical applications [57].
In another study, Park et al. [111] added methyl cellulose (MC) to
SF aqueous solutions using mixing to control the gelation time of SF.
Generally, MC is a hydrophilic methylated cellulose derivative obtained
using chloromethane, which exhibits a unique gelation behavior due to
its temperature sensitivity, as the ratio of hydrophobic molecules to
hydrophilic ones in MC determines its gelation temperature [112].
Results revealed that the gelation time of SF increases with MC content.
However, the compressive strength of pure SF hydrogel was 0.056 N
and did not considerably change with MC content [111].
Table 2 shows a summary of the effect of enzyme, chemical and
physical crosslinking of SF on its conformational transition and me-
chanical properties.
In another study, Das et al. [113] synthesized 3D bioprinted cell-
laden SF-gelatin hydrogels, gelatinized using enzymatic crosslinking by
mushroom tyrosinase and physical crosslinking via sonication, sche-
matically shown in Fig. 6. Rheological properties of enzymatic and
physical crosslinked SF-15 gelatin were evaluated in oscillatory mode at
18 °C, 28 °C and 37 °C. The measured storage modulus and loss modulus
of enzymatic and physical crosslinked SF-15 gelatin are shown in
Table 3. Accordingly, the complex modulus in the case of sonication-
induced gelation exhibits a stiffer gel formation compared to tyrosinase-
induced gelation, because the amounts of β-sheet which have been
formed in the sonicated SF-gelatin are higher than in tyrosinase-cross-
linked SF-gelatin.
5. Gamma-ray (γ-ray) irradiation
Natural and enzymatic crosslinkers, in contrast to synthetic ones,
Fig. 4. The process of the formation of SF/HA hydrogel. Reused with permission [56]. Copyright 2018, Elsevier.
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reduce cytotoxicity. But, their application in a matrix fabrication pro-
tocol is time consuming [88]. Accordingly, researchers investigated
other applicable and less harmful methods to induce hydrogelation.
Radiation was investigated to prepare SF hydrogels, since chemical
crosslinking and copolymerization simply occur upon irradiation to
induce a hydrogel in a controllable and low cost manner without using
initiators and crosslinkers [114,115]. Moreover, irradiation is often
used as a sterilization method for biomedical materials in clinical ap-
plications. Among the irradiation options, gamma-rays (γ-rays) are
often used for sterilization purposes, which also induces crosslinking
and results in hydrogel production [116,117].
Kim et al. [118] synthesized SF hydrogels via a chemical cross-
linking reaction using γ-ray irradiation and compared their mechanical
properties with physically crosslinked SF. Compression studies revealed
that in comparison with the physically crosslinked SF, the elasticity and
stiffness of γ-ray irradiated SF increased, while its compressive strength
decreased due to low crystallinity and intermolecular crosslinking re-
action.
In another study, Xiong et al. [119] used γ-ray irradiation to induce
the crosslinking and structural transition of SF, affecting the mechanical
properties of SF films. Results showed that the strength, elongation at
break and thermal decomposition temperature of SF slightly decreased
by enhancing the irradiation doses, because SF molecules absorb the
irradiation energy of high-energy electrons produced by γ-ray and
disturb the thermodynamic equilibrium of SF. Hence, SF molecules are
ionized and polarized to produce active species, resulting in splitting
their hydrogen and covalent bonds [120].
On the other hand, Jin et al. [121] studied the effect of γ-ray on the
thermo-mechanical properties of SF. Results showed that γ-ray de-
creased the thermo-mechanical properties of SF, and accelerated its
biodegradation due to the absorption of γ-ray energy by its hydrogen
and covalent bonds [122].
6. UV crosslinking of SF
Previous studies revealed that UV irradiation accelerates light aging
and photo-degradation, which leads to the decrease of fiber strength.
Indeed, light aging results in a photochemical reaction and formation of
oxygen radicals [123,124], which attack the aromatic groups in tyr-
osine and phenylalanine. Such photo-degradation leads to the break of
crosslinking and the brittleness of SF structure [125,126]. Photo and
thermal ageing are the primary factors to estimate the life of SF under
different treatment conditions due to their efficacy in increasing the
amino groups content and decreasing fiber strength [127,128].
To overcome the stiff nature of SF, Maziz et al. [129] evaluated the
chemical crosslinking of SF using light reactive acrylate groups on SF,
with 2-Hydroxy-2-methylpropiophenone as a photoinitiator. SF films
were then exposed to UV light through a Chrome mask for crosslinking.
Here, the elongation at break and Young’s modulus of non-crosslinked
SF films were measured as 2.2% and 1.5 GPa, respectively. By in-
creasing the concentration of photoinitiator from 0.2 to 1.2% w/v, the
elongation at break and Young’s modulus altered from 2 to 5% and 1.2
to 0.5 GPa, respectively. Indeed, the precursors and photoinitiator
content affected the crosslinking density, thereby influencing the me-
chanical properties [73,130]. According to the structural evaluation of
crosslinked films, increasing the amount of photoinitiator decreases β-
sheet contents, resulting in the conformational transition of β-sheet to
an amorphous structure. As a result, reducing the crystal domains en-
hances the elasticity of crosslinked SF films [131].
In addition, Sionkowska et al. [132] prepared a blend of SF and
chitosan (Ch). A UV treatment at 254 nm wavelength influenced the
thermal and mechanical properties of Ch/SF films. The mechanical
properties of the prepared blends were significantly altered by exposing
to UV irradiation. Indeed, increasing UV irradiation resulted in de-
creasing the elongation, ultimate tensile strength and Young’s Modulus
of Ch/SF films. The ultimate tensile strength and Young’s Modulus of
Ch/SF films with 0, 20 and 50 wt% SF were calculated as 89, 102 and
70 MPa and 0.9, 1.7 and 1.3 GPa, respectively. After 8 h of UV irra-
diation, the values changed as 30, 50 and 30 MPa and 0.8, 0.3 and 0.6
GPa, respectively. In order to explain these results, the viscosity of the
prepared Ch/SF mixtures was measured and their optical microscopy
images were investigated. The viscosity of mixtures decreased, and
micro-cracks were observed on the films after UV irradiation. UV ir-
radiation photochemically degraded both biopolymers, reduced the
average molecular weight of polymers, and led to a decrease of the
viscosity. Then, the reduction of the viscosity altered the secondary
structure of SF. Therefore, the presence of SF in Ch/SF films results in
creating the micro-cracks in the films and decreases their mechanical
properties [132].
Moreover, Bessonova et al. [133] synthesized methacrylated silk
fibroin using phenyl(2,4,6 -trimethylbenzoyl) phosphine oxide (TPO) as
a photoinitiator, hexafluoroisopropanol (HFIP) as a solvent, and me-
thacrylic anhydride as a water soluble and low cost methacrylation
agent, reacting with amino groups of lysine and arginine and creating
mathacrylamide functional groups. By exposing the prepared solutions
to UV irradiation, the macromonomers were photocrosslinked and re-
sulted in a strong shear modulus (G′) of 480 kPa, while G′ of pure SF
was 25 kPa.
Wen et al. [134] prepared SF/polyvinylpyrrolidone (SF/PVP) and
crosslinked using N-Vinyl-2- pyrrolidone (NVP) as a photoinitiator. The
Fig. 5. The schematic representation of silk-hyaluronic acid hydrogels formation using DMAA monomer acting as a spacer. Reused with permission [104]. Copyright
2019, Elsevier.
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7
evaluation of mechanical properties of SF/PVP samples with various
ratios of SF/NVP, after 30 min of exposing to UV-irradiation, revealed
that the lowest and highest compressive strength of SF/PVP were de-
termined 20.04 kPa and 60.9 kPa, provided by SF/NVP ratios of 5:5 and
8:2, respectively. Because, UV irradiation causes the formation of some
O3 which changed into free radicals, resulting in the polymerization of
NVP, then polymerized NVP leads to entangle PVP with dityrosine of SF
[73,135].
7. Photo crosslinking of SF
To provide a biologically and environmentally friendly crosslinking
technique, Applegate et al. [136] crosslinked SF by riboflavin and ex-
posed it to visible light due to strong light absorbance of riboflavin in
the range of 330 to 470 nm. Previous researches had used riboflavin as
a photo crosslinker for collagen [137], alginate [138], and polyethylene
glycol [139]. Applegate et al. [136] demonstrated that by increasing the
period of light exposure of SF/riboflavin samples from 0 min to 50 min,
the shear modulus increased modestly from 40 Pa to 47 Pa. Visible light
excites riboflavin and radicalizes tyrosine residues of SF, leading to the
formation of dityrosine complexes, bonding SF chains.
Table 4 shows a summary of the effect of different irradiations on
the conformational transition and mechanical properties of SF.
8. Sterilization methods
Different methods have been used for the sterilization of bioma-
terials, such as steam, gamma radiation and ethylene oxide [140–142].
The best sterilization method focuses on the effect of both removing of
microorganisms and improving mechanical properties of the applied
biomaterial [143]. Accordingly, Zhao et al. [144] investigated the effect
of different doses and exposure time of these three aforementioned
sterilization methods on the molecular structure and mechanical
properties of SF. The mechanical experiments illustrated that the frac-
ture strength of the unsterilized SF, sterilized SF using steam, gamma
irradiation and ethylene were 4.3, 2.9, 4.2 and 4.0 N, respectively. In
addition, the results did not show a significant difference between the
strength of the samples sterilized using gamma irradiation and ethylene
oxide sterilization, while SF samples sterilized using steam exhibits
various behaviors. The high temperature, humidity and pressure of
steam resulted in hydrolysis of the polymer with increasing the ex-
posure time of sterilization [145], leading to a decrease in the mole-
cular weight of SF and an increase in β-sheets conformation. This
consequently resulted in decreasing the mechanical properties of SF.
However, γ-ray irradiation caused a significant degradation in the
amorphous region of SF and slightly decreased its molecular weight.
Further, ethylene oxide did not react with the functional groups of SF
samples nor changed their structures. Therefore, ethylene oxide seems
the best sterilizing agent for SF [144].
9. Water treatment
As mentioned above, SF is mainly composed of β-sheet crystalline
domains and amorphous regions. Therefore, the strength of SF con-
siderably depends on the integrity of the SF structure. As a solvent,
water influences the structure and strength of SF [146,147]. The initial
studies on SF were mostly focused on the effects of moisture on the
Fig. 6. The schematic representation of preparing bioprinted cell-laden SF-gelatin hydrogels using enzymatic and physical crosslinking. Reused with permission
[113]. Copyright 2015, Elsevier.
Table 3
Storage modulus and loss modulus of SF-gelatin hydrogels crosslinked via
mushroom tyrosinase and sonication [113].
Samples Storage modulus (Pa) Loss modulus (Pa)
18 °C 28 °C 37 °C 18 °C 28 °C 37 °C
SF-gelatin- Tyrosinase 530,000 415,000 166,000 58,700 65,900 31,300
SF-gelatin- Sonication 751,000 504,000 221,000 84,500 32,800 42,200
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amorphous domains of SF schematically exhibited in Fig. 7 [129,147],
while recent studies are considering the effects of moisture on the β-
sheet structure of SF and its strength. Accordingly, Cheng et al. [148]
found that water reduces the hydrogen bonds between β-sheets in SF,
hence significantly decreasing its strength. Indeed, via an in-depth in-
vestigation of the functional groups and structure of SF in presence of
water solvent, they found that water molecules prevent the formation of
hydrogen bonds between β-sheets in the crystalline regions. Therefore,
the resultant structure of SF becomes weak and brittle, thus decreasing
the ultimate tensile strength.
The hydrophobic crystalline β-sheet domains are incorporated into
the hydrophilic amorphous regions, containing moisture. Polypeptide
chains composed of the amino acids, such as glycine and alanine,
grafted together by strong hydrogen bonds, make the main components
of the crystalline β-sheets [149,150]. The amorphous domains sig-
nificantly impact the soft matrix of SF due to their disordered structure,
while the strength of SF structure is derived by the crystalline β-sheet
domains [151,152].
Huang et al. [153] prepared SF mats using electrospinning, then
annealed by mild water vapor at different annealing times and tem-
peratures to improve the mechanical properties. Generally, various
treatments exist to improve the mechanical properties of the prepared
SF samples. Most of the treatment methods require chemical agents,
such as alcoholic solutions [154], which may negatively affect the
normal physiologic functions when directly applied to humans or affect
the pharmacodynamics or pharmacokinetics of drugs when used in
drug delivery systems [155]. Accordingly, Min et al. [156] used water
vapor annealing as a safe treatment method to induce the conforma-
tional transition in SF. However, the treating time and the temperature
are the most important factors to determine the extent of the structural
transition [157]. Hence, Huang et al. [153] confirmed that water vapor
can induce the conformational transition of SF from random coil to β-
sheet and improve the mechanical properties of SF mats. Here, the
fracture strength of SF mats alters irregularly with annealing time and
temperature. Indeed, by simultaneously increasing the annealing time
and temperature up to 15 h and 65 °C, respectively, the fracture
strength increased, while by further rising both time and temperature,
the strength decreased. However, the resultant strength of SF mats
obtained after water vapor treatment was significantly lower than that
of post-treated samples via ethanol solution [158].
In another study, Lawrence et al. [159] investigated the efficacy of
hydration on SF structure using water annealing and methanol treat-
ment. Here, the content of β-sheets through methanol treatment in-
creased more than during water annealing due to the increase of film
thickness by swelling in methanol. In dry state, the greater content of β-
sheets increases the stiffness of SF. Conversely, the water absorption in
hydrated state results in enhancing the ductility of SF.
Yazawa et al. [160] investigated the influence of water content on β-
sheet formation and mechanical properties of SF. The tensile properties
of SF were evaluated at different relative humidities (RH). The tensile
Fig. 7. The schematic illustrations of the changes of SF structure after chemical crosslinking and water absorption. Reused with permission [129]. Copyright 2018,
IOP Publishing.
Fig. 8. The schematic drawing of SF sec-
ondary structure for both (a) water annealed
and (b) methanol immersed SF in which
amorphous, β-sheet crystalline regions, and
water molecules are displayed via yellow,
brown and blue colors, respectively. Reused
with permission [159]. Copyright 2010,
Wiley. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)
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strength, Young’s modulus, elongation at break and toughness of SF
films did not significantly change up to RH 84%. However, the elon-
gation at break and toughness of SF films incubated at RH 97% en-
hanced 15 and 17 times higher than those incubated at RH 84%, re-
spectively. The crystallinity content of SF films increased up to 30% for
samples incubated at RH from 6% to 75%, while the crystallinity in-
creased to approximately 40% at over RH 84%. Because, water mole-
cules induce β-sheet formation via helix-helix interactions. Therefore,
at RH 97%, amorphous regions of SF were plasticized via water mole-
cules and its elasticity increased. Indeed, bound water disrupts the in-
termolecular cohesive forces between protein chains, leading to in-
crease the steric hindrance which enhances the chain movements in
amorphous regions and induces β-sheet crystallization in SF.
10. Alcohol treatment
As mentioned previously, the conformational transition of SF is an
important parameter which affects its physical and chemical properties.
The process factors, such as concentration, solvent and drying tem-
perature can modify the conformation of SF [161]. Alongside these
factors, treatments can affect the structural transition of SF from
random coil to β-sheet. Low dielectric organic materials, such as me-
thanol, ethanol or dioxane are general solvents to control the con-
formational transition of SF and to decrease its water solubility
[162–164].
Garcia-Fuentes et al. [165] investigated the molecular conformation
of SF in SF/Hyaluronic acid (SF/HA) mixture post-treated in methanol
and water. Structural studies illustrated that the conformational tran-
sition of SF from random coil to β-sheet considerably arose in methanol
incubated SF/HA samples and improved their mechanical properties,
while HA induced the structural transition of SF into a less crystalline β-
sheet structure when incubated in water [165]. Fig. 8 shows the sche-
matic drawing of SF secondary structure for both water annealed and
methanol immersed SF [159].
In addition, Amiraliyan et al. [166] synthesized electrospun SF mats
post-treated with methanol and ethanol to improve their mechanical
properties. The experimental results showed that both methanol and
ethanol treatments increased the tensile strength of SF mats, while the
elongation at break reduced. Indeed, alcohol as a polar media absorbs
water from SF molecules and enhances hydrophobic amino acids, such
as Alanine and Glycine, thus resulting in enhancing the crystalline
domains and inducing β-sheet formations [167–169].
Furthermore, Jiang et al. [170] fabricated SF layer-by-layer films
with and without methanol treatment. The mechanical evaluations re-
vealed that both tensile and compression strengths were enhanced in
methanol treated SF films and the ultimate tensile strength and elastic
modulus attained were up to 100 MPa and 8.6 ± 2.1 GPa, respec-
tively. This was due to the increase in crystalline β-sheets as the re-
inforcing fillers and the formation of a network of physical crosslinks,
after methanol treatment [170,171].
Table 5 shows the effect of sterilization, water and alcoholic treat-
ments on the conformational transition and mechanical properties of
SF.
11. Summary and outlook
Silk fibroin has been widely used as a biomaterial for biomedical
applications due to its superior host response, gradual biodegradability
and specific mechanical properties. Hence, various researches have
tightly focused on enhancing the mechanical properties of SF by dif-
ferent techniques without negatively affecting its biological properties.
Among these techniques, a treatment is an effective method, employed
as the step of the processing and plays a significant role in improving
the mechanical properties of SF. In the present review, the typical
treatment methods of SF involving enzymatic, chemical and physical
crosslinking, UV, γ-ray and visible light irradiation, sterilization
methods, and the effect of water and alcohol on SF structure and its
resulting mechanical properties were summarized. Numerous studies
demonstrated that most of the treatment methods change the random
coil structure of SF to β-sheet conformation and improve the mechan-
ical properties of SF. In addition to the mechanical properties, the safety
and biological friendliness of some of the utilized treating materials was
discussed. Moreover, the mechanism of treating methods has been
briefly discussed to evaluate the molecular behavior of SF under the
influence of each treatment materials and techniques. Accordingly, in
the future, treated SF with desirable mechanical properties and ex-
ceptional host response could be applicable for tissue engineering and
regenerative medicine.
In the present review, the effect of treatment methods on SF con-
formational transition and mechanical properties was investigated
mainly for samples prepared in pure state of SF, while these effects and
outcomes can be comprehensively challenged and elaborated in detail
for the blended SF with other natural and synthetic hydrogels.
Furthermore, numerous studies have assayed the tensile, compressive
and rheological properties of SF hydrogels as conventional testing,
while the small scale is an issue for evaluating the mechanical prop-
erties of heterogeneous tissues and small biological devices prepared
via hydrogels. Therefore, nanoindentation and unconfined compression
tests can be performed as exceptional methods for probing the me-
chanical properties of small scale biological devices and hydrogels
swelling behavior.
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